1. Introduction
===============

The cortex of the mammalian adrenal gland is subdivided into three concentric zones that are both functionally and morphologically distinct. The outer zona glomerulosa produces mineralocorticoids while the inner zona fasciculata and zona reticularis synthesize glucocorticoids ([@bib23]). It has long been appreciated that the cells comprising these three zones are constantly renewed allowing for the size of each zone (and hence their steroidogenic potential) to be constantly moderated ([@bib5]).

It is believed that all the cells in the cortex are derived from a narrow band of stem cells located at the periphery of the gland and the daughter cells migrate towards the centre of the gland phenotypically switching into the various functional zones before undergoing apoptosis at the zona reticularis/medulla boundary ([@bib8]). This proliferation is dependent upon peptides derived from the ACTH precursor pro-opiomelanocortin (POMC) since surgical removal of the pituitary ([@bib6]) or suppression of corticotroph activity using dexamethasone ([@bib4; @bib32]) (which results in down regulation of all POMC peptides) results in adrenal atrophy. This data has also been further substantiated by targeted disruption of the POMC gene where the adrenal rapidly atrophies soon after birth ([@bib33; @bib15]).

The identity of the POMC-derived mitogen has been historically controversial. Many people have suggested that ACTH is the main stimulus of adrenal growth. Indeed, in super physiological doses it does promote an increase in adrenal size, although mainly by stimulating cellular hypertrophy. Conversely, studies *in vitro* have suggested that ACTH is anti-mitogenic to both primary adrenal cells ([@bib26]) and the Y1 mouse adrenocortical cell line ([@bib22]). The underlying cause of this apparent paradox is thought to be the result of the increase in cAMP levels stimulated by ACTH, since Y1 cells harboring dominant inhibitory mutations in protein kinase A are resistant to the growth-inhibitory effects of ACTH ([@bib25]). Other experiments have suggested also that ACTH may not be the sole mitogenic drive to the adrenal. *In vivo* immuno-neutralization with anti-ACTH antiserum, although decreasing steroid output, actually results in an increase in adrenal size ([@bib27; @bib7]); the decrease in steroid levels resulting in an up-regulation of not only ACTH, but also all POMC peptides including any other mitogenic peptide. These observations encouraged our lab to investigate a role in adrenal cell proliferation for the N-terminal fragment of POMC, alternatively known as the 16K fragment, N-POMC or pro-γ-MSH ([@bib7; @bib20]); a 76 residue (74 in rodents) glycopeptide that is co-secreted with ACTH from the pituitary into the circulation. Initial observations showed that the peptide had no significant mitogenic activity towards the adrenal. However, two shorter peptides (both of which were extraction artifacts) purified from human pituitaries, namely N-POMC~1--28~ and N-POMC~2--54~ were found to be potent mitogens *in vitro* ([@bib7]). Since neither of these peptides are products of normal pituitary processing, it was suggested that the mitogenic fragment was generated by cleavage of pro-γ-MSH following secretion from the pituitary. This idea was supported in a series of elegant immuno-neutralization experiments showing that the compensatory growth response following unilateral adrenalectomy could be blocked using an antibody against γ-MSH; the explanation being that the antibody blocked the 49/50 dibasic cleavage site found in pro-γ-MSH ([@bib20]). In 2001 we identified the enzyme that performs this cleavage, which we named adrenal secretory protease (AsP) ([@bib3]). Initial characterization of AsP with synthetic substrates suggested that the adrenal mitogen was N-POMC~1--52~ although our more recent work with the natural peptide substrate suggests cleavage is more likely to occur at the dibasic site, resulting in the generation of N-POMC~1--49~ (unpublished observations).

Only one study has investigated how N-POMC stimulates adrenal proliferation at the molecular level. [@bib9] showed that synthetic N-POMC~1--28~ stimulated proliferation of human H295R cells and the peptide activated the ERK pathway.

The aim of this study was to extend this work and examine the signaling pathways stimulated in the Y1 adrenocortical cell line. It also aimed to survey the expression of receptor tyrosine kinase molecules in an attempt to identify a possible candidate by which N-POMC could stimulate adrenal cell proliferation.

2. Experimental procedures
==========================

2.1. Source of peptides
-----------------------

N-POMC~1--49~ was purified to homogeneity from bovine pituitary tissue (Pel-Freez Biologicals, Rogers, AZ, USA) using ion exchange and reversed phase high-performance liquid chromatography (RP-HPLC) as previously described ([@bib1]) and quantified using amino acid analysis. N-POMC~1--28~ was custom synthesized by Bachem (St Helens, UK).

2.2. Cell culture
-----------------

Mouse Y1 adrenal cortical tumour cells were obtained from the European Collection of Animal Cell Cultures (ECACC). These cells have been used by us previously ([@bib3]) and now do not express any of the known melanocortin receptors. Cells were maintained in a humidified incubator at 37 °C with 5% CO~2~ in growth media consisting of Hams F12 media (Sigma, Poole, Dorset, UK) supplemented with 10% fetal bovine serum (Invitrogen, Paisley, Scotland), 2 mM [l]{.smallcaps}-glutamine (Invitrogen, Paisley, Scotland) and 100 μg/ml streptomycin and 100 U/ml penicillin G (Invitrogen, Paisley, Scotland).

2.3. Western blot analysis
--------------------------

Y1 cells were grown to confluence in 90-mm dishes and serum starved for 48 h in Hams F12 supplemented with 2 mM glutamine and 100 μg/ml streptomycin and 100 U/ml penicillin G.

Serum starved cells were treated with 1 nM of either N-POMC~1--49~ or N-POMC~1--28~ given in the same media and incubated for various times. As an additional control cells were stimulated with just media alone for each time point to confirm that any effect was due solely to the addition of the peptide (results not shown). After incubation, protein was harvested by lysing the cells directly in 500 μl of 1x reducing sample treatment buffer ([@bib16]). After brief sonication, and heating to 94 °C for 5 min, 10 μl of each sample was separated on a or 10% SDS-PAGE gel and transferred to PVDF membrane (Bio-Rad, Hemel Hempstead, UK). The membrane was blocked by incubating with Tris-buffered saline (TBS---10 mM Tris HCL (pH 7.4), 150 mM sodium chloride) containing 5% skimmed milk powder and 0.1% Tween 20 (Sigma, Poole, UK) for 2 h at room temperature. After blocking, the membranes were probed with either a total ERK1/2 antibody, or one of the phospho specific antibodies: ERK1/2 (Thr 202/Tyr 204), c-RAF (Ser 338), MEK1/2 (Ser 217/221) or Akt (Ser 473) all at a 1:2000 dilution (Cell Signaling Technology (NEB), Hitchin, UK). All primary antibodies were then detected using a horse radish peroxidase (HRP)-conjugated secondary goat anti-rabbit antibody (Dako, Ely, UK) and visualised using an enhanced chemiluminescence (ECL) system, as per manufacturer\'s instructions (Amersham, Buckinghamshire, UK). All blots were carried out on three independent samples.

After immunoblotting, bands were analyzed by densitometry using a GS-710 calibrated imaging densitometer (Bio-Rad, Hemel Hempstead, UK).

2.4. Amplification of receptor tyrosine kinase (RTK) sequences
--------------------------------------------------------------

To analyze for RTK expression the polymerase chain reaction (PCR) was used essentially as previously described ([@bib30]). Briefly, degenerate oligonucleotide primers (forward 5′ CAYMGIGAYYTIGCIGCIMGIAA 3′ reverse 5′ AYICCRWAISWCCAIACRTC 3′) were synthesized (Sigma-Genosys, Cambridge, UK) and used to set up PCR reactions containing cDNA synthesized from either whole rat adrenal gland tissue or from Y1 cells. Reactions were initially denatured for 1 min at 94 °C and then subjected to 35 cycles of 94 °C (20 s), 45 °C (20 s), 72 °C (1 min) before being analyzed by agarose gel electrophoresis. Bands of interest were excised, purified using a Qiagen gel extraction kit (Qiagen, Crawley, UK) and then T/A cloned into pGEM-T (Promega, Southampton, UK). Clones were subsequently grown up, plasmid isolated (Qiagen, Crawley, UK) and inserts sequenced (GATC Biotech, Konstanz, Germany).

2.5. Statistical analysis
-------------------------

Statistical analysis was performed using one-way analysis of variance (ANOVA) and the Tukey--Kramer post-analysis test. Results were considered statistically significant if the *p*-value was \<0.05. Statistical analysis was performed using Graphpad Prism (Graphpad Software, San Diego, USA).

3. Results
==========

3.1. Both N-POMC~1--28~ and N-POMC~1--49~ activate the ERK signaling pathway
----------------------------------------------------------------------------

Since synthetic N-POMC~1--28~ has been shown previously to activate p44/42 ERK ([@bib9]) we were interested to see if this peptide could also activate this signaling pathway in the commonly used mouse Y1 adrenocortical cell line. We were also interested to investigate if the longer N-POMC~1--49~ peptide (which more likely represents the natural product of AsP) could also activate this pathway and in a similar manner to N-POMC~1--28~. Y1 cells were serum starved for 48 h to minimize the high levels of endogenous ERK phosphorylation present in these cells before being stimulated with 1 nM of each peptide. Cells were consequently harvested at 0, 5, 10, 15, 20, 30 and 60 min and immunoblotted for both total p44/42 ERK and phospho p44/42 ERK. Both peptides were found to strongly stimulate the phosphorylation of both p44 and p42 ERK ([Fig. 1](#fig1){ref-type="fig"}) with the response of N-POMC~1--49~ being slightly slower than that observed for N-POMC~1--28~.

3.2. Both N-POMC~1--28~ and N-POMC~1--49~ activate upstream regulators of p44/42 ERK
------------------------------------------------------------------------------------

As both peptides could clearly stimulate the phosphorylation of ERK we next investigated if they could also phosphorylate the upstream regulators of ERK: MEK and c-RAF. Using immunoblotting together with specific phospho antibodies, both peptides were found to stimulate the phosphorylation of both MEK and c-RAF ([Fig. 2](#fig2){ref-type="fig"}). We also investigated if N-POMC~1--28~ and N-POMC~1--49~ were capable of stimulating the phosphorylation of Akt, a key molecule in the PI3 kinase pathway. N-POMC~1--49~ was found to stimulate a robust phosphorylation of Akt, while in contrast the response to N-POMC~1--28~ was weaker ([Fig. 3](#fig3){ref-type="fig"}).

3.3. Adrenal cells express numerous tyrosine kinase molecules
-------------------------------------------------------------

The identity of the receptor for N-POMC remains elusive. In an attempt to isolate possible candidate molecule we used PCR with degenerate oligonucleotide primers to amplify the conserved sequence within the catalytic domains of receptor-type tyrosine kinase molecule as has been described previously ([@bib30]). Using this approach with cDNA derived from both Y1 cells and also from rat adrenal tissue we successfully amplified a band of the expected 200 bp ([Fig. 4](#fig4){ref-type="fig"}). The bands were excised and cloned into pGEM-T and colonies picked for plasmid isolation and subsequent sequencing. One hundred and fourteen clones from each cDNA were successfully sequenced. Every clone represented a tyrosine kinase molecule, although many of them were found not to be receptors ([Table 1](#tbl1){ref-type="table"}).

4. Discussion
=============

Although there is a substantial amount of evidence supporting the role of the N-terminal POMC peptides in the regulation of adrenal growth, little is known about the receptor that they work through or the underlying signaling mechanisms. In a study by [@bib9] it was shown that synthetic N-POMC~1--28~ could promote the growth of both human H295R cells and bovine primary adrenal cells. They also showed that this peptide could stimulate the phosphorylation of p44/42 ERK but not c-Jun or p38.

Encouraged by this study, we decided to investigate the effects of N-POMC on the commonly used mouse Y1 adrenal cell line. There have been a few studies using this cell line that have shown that ACTH can rapidly phosphorylate both p44/42 ERK via a cAMP independent manner ([@bib19; @bib17]). However, prolonged treatment with ACTH does not stimulate division of the cells, although a short transient stimulation of G~1~-arrested cells with ACTH does result in an increase in cell division. The Y1 cells used in this study were obtained from the ECACC and do not express either the melanocortin 2 receptor (MC2R) or the melanocortin 5 receptor (MC5R) and are consequently unresponsive to ACTH. We choose to use two N-POMC peptides, synthetic N-POMC~1--28~ and N-POMC~1--49~. We used N-POMC~1--28~ since it was used by Fassnacht et al. and has also been shown previously to stimulate thymidine incorporation in primary rat adrenal cells ([@bib7]). We used also purified bovine N-POMC~1--49~ which is a processed product from the intermediate lobe. This peptide more likely represents the natural mitogenic fragment, although it lacks the O-linked glycan found on Thr45 since the PC2 mediated cleavage in the pituitary of the 49/50 dibasic site is blocked by the presence of this glycan ([@bib2]). Whether the glycan is necessary for biological activity is currently unclear. Both peptides were given at a dose of 1 nM, a dose that was estimated to be sufficient to give a robust response.

In agreement with Fassnacht et al. both peptides were found to stimulate a rapid increase in the phosphorylation of both p44 and p42 ERK, within 10 min of application that gradually decreased, returning to basal within 1 h. In a similar manner MEK1/2, the kinase that mediates the phosphorylation of ERK and c-RAF, a kinase that phosphorylates MEK, were also robustly phosphorylated in a similar pattern to that observed for ERK. Interestingly, N-POMC~1--49~ appears to phosphorylate both MEK1/2 and p44/42 ERK in a slightly slower manner than N-POMC~1--28~. This observation led us to investigate the effect of the peptides on the phosphorylation of Akt, a central molecule in the PI3 kinase pathway. The constitutively high levels of c-Ki-Ras-GTP observed in Y1 cells have been reported to result in high basal level of Akt phosphorylation ([@bib10]). However, since Akt has been shown previously to phosphorylate and deactivate c-RAF with the effect of reducing the activation of the ERK pathway ([@bib28]) we hypothesised that there may be differing effect of the two N-POMC peptides on the PI3 kinase pathway. Our results showed that N-POMC~1--49~ produced a far more robust phosphorylation than N-POMC~1--28~ and may explain the difference in the observed pattern of MEK1/2 and p44/42 ERK phosphorylation. An alternative explanation is that the molecules involved in ERK de-phosphorylation (e.g. ERK phosphatases) are also differentially activated.

These observations warrant further investigation since it suggests that the way that the two peptides stimulate intracellular signaling pathways are not identical.

Although N-POMC peptides robustly stimulate ERK phosphorylation, it is not clear if this is sufficient to lead to cell division. It may be possible that, in a similar manner to ACTH, that prolonged stimulation results in an inhibition of growth ([@bib19]). Further studies are required to investigate if this is the case.

In an attempt to investigate a potential receptor for N-POMC, we used PCR with degenerate oligonucleotides designed around the catalytic domains of receptor type tyrosine kinase molecules. We reasoned that the receptor would be likely to be a member of this family, supported by the observation that both peptides stimulate a clear increase in total tyrosine phosphorylation by Western blot (unpublished observations). This approach has been used successfully before in the thyroid ([@bib30]) and in our hands resulted in the amplification of an approx 200 bp fragment from Y1 cells and also from rat adrenal tissue. These bands were cloned and 114 clones of each subsequently sequenced. Every clone contained a tyrosine kinase domain, although many were not receptors but intracellular signaling molecules. Unsurprisingly, the profile of expressed genes was different between the Y1 cells and adrenal tissue. The frequencies of each cDNA are summarized in [Table 1](#tbl1){ref-type="table"}. Despite there being no obvious candidates for an N-POMC receptor, the results are still of interest although the functional significance of some of the receptors in the adrenal remains to be determined. The most abundant receptor expressed appears to be insulin-like growth factor 1 receptor (IGF1-R): a receptor known to be expressed in the adrenal. The Y1 cells also expressed Axl, a receptor that has transforming activity in NIH-3T3 cells ([@bib24; @bib18]). Its ligand, known as Gas6, promotes mitogenesis and is generally thought to act in an autocrine manner ([@bib31; @bib11]). Another interesting receptor whose expression was observed solely in Y1 cells was Ryk, a receptor involved with the Wnt signaling pathway ([@bib21]) and interestingly has no catalytic activity ([@bib14; @bib29]). This receptor has been implicated in many aspects of tissue development. Both Y1 cells and adrenal tissue express the fibroblast-growth factor receptor (FGF-R), which is not unexpected since both tissues, and especially Y1 cells, are responsive to FGF ([@bib12; @bib13]).

Single occurrences of several receptors were found in the adrenal gland including hepatocyte growth factor receptor and vascular endothelial growth factor (VEGF) receptor. The single occurrences of several genes begs the question as to whether enough clones were sequenced to identify all the genes present in the PCR product and in the future a micro-array approach would possibly provide a more complete dataset.

In summary we have shown that that N-POMC peptides can stimulate the ERK signaling pathway not only in the human H295R cell lines but also in mouse Y1 cells. We have also shown that Y1 cells and adrenal tissue express a number of tyrosine kinase receptors, although the full functional significance of these is unclear and warrants possible further investigation.
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![Serum starved Y1 cells were stimulated with either 1 nM of N-POMC~1--28~ (A) or N-POMC~1--49~ (B) for various times. Cell lysates were analyzed by immunoblotting with antibodies against total p44/42 ERK and phospho p44/42 ERK. Band intensities are normalized to those of the total amount of either p44 or p42 ERK and expressed as the mean (±S.E.M.) of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 relative to value at 0 min.](gr1){#fig1}

![Serum starved Y1 cells were stimulated with either 1 nM of N-POMC~1--28~ (A and C) or N-POMC~1--49~ (B and D) for various times. Cell lysates were analyzed by immunoblotting with antibodies against phospho MEK1/2 (A and B) and phospho c-RAF (C and D) ERK. Band intensities are normalized to those of the total amount of p44 ERK and expressed as the mean (±S.E.M.) of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 relative to value at 0 min.](gr2){#fig2}

![Serum starved Y1 cells were stimulated with either 1 nM of N-POMC~1--28~ (A) or N-POMC~1--49~ (B) for various times. Cell lysates were analyzed by immunoblotting with antibodies against phospho Akt. Band intensities are normalized to those of the total amount of p44 ERK and expressed as the mean (±S.E.M.) of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 relative to value at 0 min.](gr3){#fig3}

![PCR using degenerate oligonucleotides of genes containing the tyrosine kinase catalytic domain in Y1 cells and also in normal rat adrenal gland. The expected band size of approx 200 bp was excised, cloned and 114 clones of each sequenced.](gr4){#fig4}

###### 

List of tyrosine kinase genes and the frequency they were identified isolated from Y1 cells and rat adrenal tissue.

  Gene name                                  Type of tyrosine kinase   Number of clones in Y1 cells   Number of clones in rat adrenal gland
  ------------------------------------------ ------------------------- ------------------------------ ---------------------------------------
  IGF1-R                                     Receptor                  57                             24
  Jak 1                                      Signaling molecule        23                             28
  Ryk                                        Receptor                  9                              0
  Axl                                        Receptor                  11                             2
  FGF-R                                      Receptor                  2                              3
  Tyk2                                       Signaling molecule        3                              31
  Megakaryocyte associated tyrosine kinase   Signaling molecule        2                              0
  c-abl                                      Signaling molecule        3                              2
  Jak 3                                      Signaling molecule        2                              6
  SRC                                        Signaling molecule        1                              5
  FER                                        Signaling molecule        1                              5
  Jak 2                                      Signaling molecule        0                              3
  CSF-1 R                                    Receptor                  0                              1
  VEGF-R                                     Receptor                  0                              1
  HGF-R                                      Receptor                  0                              1
  v-ras                                      Signaling molecule        0                              1
  Unknown                                    ?                         0                              1
                                                                                                      
  Total                                                                114                            114

Summaries of the frequencies of tyrosine kinase domain cDNAs isolated from Y1 cells and normal rat adrenal gland. IGF1-R: insulin-like growth factor 1 receptor, FGF-R: fibroblast growth factor receptor, CSF-1R: colony stimulating factor 1 receptor, VEGF-R: vascular endothelial growth factor receptor, HGF-R: hepatocyte growth factor receptor.
